We have studied gut mucosal perfusion in 24 infants, aged 0.7-45 weeks, requiring cardiopulmonary bypass (CPB). Group 2 patients (n:12) had received the angiotensin converting enzyme inhibitor captopril 0.8-0.9 mg kg 91 orally, 45 min before induction of anaesthesia. Group 1 infants were of similar age and size and required a similar duration of CPB, but did not receive any preoperative medication. An orogastric tonometer allowed intermittent calculations of gastric intramucosal pH (pHi), and rectal mucosal perfusion ("flux") was monitored using laser Doppler flowmetry. Measurements of arterial base deficit and lactate and pyruvate concentrations were made intermittently. We found no significant difference in femoral arterial pressure between the groups at any time before, during or after surgery. Similarly, we found no significant differences in our measures of regional or global tissue perfusion between the groups at any time before, during or after surgery. We conclude that preoperative administration of captopril produced no beneficial effect on gut mucosal perfusion in infants undergoing hypothermic, non-pulsatile CPB. (Br.
We have shown previously that infants undergoing hypothermic, non-pulsatile cardiopulmonary bypass (CPB) may demonstrate significant decreases in gut mucosal perfusion, as measured by gastric tonometry and laser Doppler flowmetry.
1 Similar significant decreases in gastric pH i have also been shown in adults during and after cardiac surgery. 2 3 Severe reductions in mucosal perfusion may be a causative factor in postoperative necrotizing enterocolitis 4 or multiple organ dysfunction. 5 Although it is probable that multiple control mechanisms exist in the intestinal microcirculation with different mediators affecting vessels of different sizes, the renin-angiotensin system may play a pivotal role in the generation of gut hypoperfusion during CPB. Animal studies have suggested that splanchnic vessels are particularly sensitive to the vasoconstrictive effects of angiotensin II. 6 7 However, the large increase in angiotensin II concentrations induced by CPB demonstrated in adults by some workers 8 has not been a constant finding. 9 10 The reason for these different results is not known, although varying degrees of hypotension, 11 pulmonary blood flow, 12 angiotensin converting enzyme (ACE) concentrations 13 and hypothermia 9 may be relevant. No similar work has been performed in infants or children, although it has been shown that baseline renin-angiotensin activity tends to be higher in early infancy than in later childhood. 14 In a prospective, controlled study, we have compared gut mucosal perfusion during CPB in infants receiving ACE inhibitors for medical reasons, with a similarly aged control group. We used a tonometric technique to assess gastric mucosal perfusion and laser Doppler flowmetry to monitor rectal mucosal perfusion.
Both in an animal model 15 and in healthy volunteers, 16 it has been shown that ACE inhibition causes significant splanchnic vasodilatation. ACE inhibition has been shown in an animal model to prevent splanchnic vasoconstriction and protect the gut from ischaemic injury after haemorrhage 17 and cardiogenic shock. 18 Furthermore, ACE inhibitors given in the peroperative period to adults undergoing heart surgery appear to suppress the increases in atrial natriuretic peptide, endothelin-1 and noradrenaline concentrations that would otherwise occur during and after CPB.
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Patients and methods
With local Ethics Committee approval and written, informed parental consent, we studied 24 infants 92.0 kg in weight, aged 0.7-45 weeks, requiring elective CPB. Twelve infants had been receiving captopril 0.8-0.9 mg kg 91 orally, four times a day, for at least 4 weeks before operation. Patients with coarctation and those who required vasoactive drugs other than ACE inhibitors before operation were excluded.
Patients in the captopril group (group 2) received their normal dose of captopril 45 min before induction of anaesthesia, on average 148 (18) CO a P were obtained by simultaneous measurement of arterial blood-gas tensions. Correct positioning of the tonometer was aided by the sight of a small bulging of the anterior abdominal wall as it was gently advanced, later confirmed by chest x-ray taken after operation.
After sternotomy, but before manipulation of the great vessels, baseline recordings of rectal mucosal flux and femoral mean arterial pressure (MAP) were made over a 5-min period. A sample of arterial blood was obtained for measurement of pH,
), haematocrit (PCV) and base deficit, at the same time as a gastric tonometer 2 CO r P measurement was made. In addition, a blood sample was obtained to allow measurement of lactate and pyruvate concentrations and, subsequently, the lactate/pyruvate (L /P) ratio was calculated.
The hollow fibre D701 oxygenator (Dideco) used for CPB was primed with warmed blood and crystalloid such that blood and core temperatures 10 min after initiation of CPB were 34Ϯ0.5ЊC and PCV 25Ϯ5%. When the patient had been established on non-pulsatile CPB at a flow rate of 100 ml kg 91 min 91 for 10 min and nasopharyngeal temperature remained constant to within Ϯ0.1 ЊC, another arterial blood sample was obtained for measurement of PCV, base deficit, and lactate and pyruvate concentrations. MAP and rectal mucosal flux were recorded for another 5 min before the patient was cooled to 15-25ЊC, depending on the anticipated duration of low flow or circulatory arrest required. Before the study started we had calculated that if we studied 11 patients in each group, we should be able to detect a difference of 70 in mean flux between the groups as being significant (P:0.05) with a power of 90%, assuming an SD of 50. Study data have not invalidated this assumption. Comparisons between mean flux, mean pH i , mean MAP, mean base deficit and mean L /P ratio obtained at each time (before CPB, at initial warm CPB after injection, on CPB after rewarming and after CPB) in the two groups were analysed using the Wilcoxon test and SPSS exact test. Kendall's tau-b rank correlation coefficient was used to assess associations between MAP, base deficit, flux, pH i and L /P ratios at each study period.
Results
Infants in control group 1 were slightly younger and smaller than those in group 2 (tables 1, 2). Cardiopulmonary bypass (CPB) and aortic clamp times were slightly longer in group 1 than in group 2 patients, although this difference was not statistically significant. We were unable to demonstrate any significant difference between the two groups at any time, in either measure of global tissue perfusion (L /P ratio and base deficit), or regional tissue perfusion indicators (gastric pH i and rectal mucosal flux) (tables 3-5). Similarly, there was no evidence that preoperative captopril had any effect on MAP before, during or after surgery.
There were significant correlations between arterial base deficit and pH i at all times before and after CPB. There was also a significant correlation between our other global index of tissue hypoxia, L/P ratio, and gastric pH i at 60 min after CPB. Anomalous correlations between L /P ratio and flux after rewarming, and between MAP and pH i at 20 min after CPB, were also noted. There were no significant correlations between any of the other variables at any time.
Discussion
We were unable to demonstrate that inhibition of ACE, using captopril given before operation, increased gut mucosal perfusion in infants undergoing non-pulsatile, hypothermic CPB, compared with a matched control group. This lack of effect may have been caused by inadequate ACE inhibition, other vasoconstrictor activity may have been more influential or our methods of assessing splanchnic perfusion may have been too insensitive. However, a more likely reason for the non-significant difference between the groups may have been that gut perfusion demonstrated in the control group before, during and after CPB was normal. We have shown previously that neonates with coarctation or other aortic arch anomalies are at particular risk of gut mucosal hypoxia. 1 Although this group of patients would probably benefit most from therapy aimed at improving gut mucosal blood flow during CPB, such patients are unlikely to receive an ACE inhibitor before operation.
We made the assumption that oral administration of captopril 45 min before induction of anaesthesia would allow time for normal absorption to occur. Studies of captopril kinetics in children 21 22 suggest that the peak effect normally occurs 1.0-1.5 h after ingestion. As the duration of action of captopril is 6-10 h in children, 22 and longer in neonates, 23 it should have been exerting an inhibitory effect on angiotensin II production throughout CPB in all group 2 patients (see tables 1, 2). Nevertheless, as we did not measure angiotensin II concentrations in these patients we cannot be sure that this assumption is valid.
Arterial pressure is volume-dependent during ACE inhibition and one poorly controlled adult study suggested that after CPB vasoconstrictor requirements may be increased in patients receiving ACE inhibitors before operation. 24 However, other clinical studies in adults have been unable to demonstrate any difference between treated and untreated patients in perioperative arterial pressure or fluid requirements. 25 26 Similarly, we found no significant difference between our two groups of patients in either perioperative MAP or inotrope requirements after CPB.
Measurement of saline PCO 2 may be an important source of error in the assessment of gastric intramucosal pH, the error depending on the solution 27 and analyser being used. 28 Furthermore, in patients with a high tonometric 2 CO r , P saline tonometry has a tendency to underestimate the degree of tissue hypercapnia. 28 29 The Tonocap (Datex, Ltd) uses a method of measuring tissue carbon dioxide that avoids these potential inaccuracies. The Tonocap fills the TRIP (Tonometrics, Inc.) catheter balloon with air which is retained for a period of at least 15 min, to allow carbon dioxide diffusion and gas equilibration to take place. The Tonocap then withdraws a gas sample from the balloon automatically and measures PCO 2 using an infrared measurement technique. The Tonocap then re-injects the gas into the balloon, so that carbon dioxide depletion is reduced and faster and more complete gas equilibration is possible before the next sample is obtained. Initial studies have shown a significant correlation between results obtained using air tonometry and those obtained using conventional saline tonometry. 29 30 In accordance with the manufacturer's recommendations, we checked the accuracy of the monitor with calibration gas at least every 2 weeks or before every patient, whichever was the shorter interval. For properly calibrated monitors, the accuracy in carbon dioxide measurement, as stated by the manufacturer, is Ϯ0.2 kPa.
To use a laser Doppler flowmetry technique to monitor mucosal blood flow it has to be assumed that a tissue measurement volume of approximately 6 mm 3 is representative of the region under examination and that there is vascular homogeneity within the tissue. Furthermore, to ensure consistency of observations from patient to patient, regular probe calibrations are necessary. We have not found that flux readings are unduly position-sensitive provided the probe is positioned such that the flux reading is the maximum that can be obtained and that a pulsatile waveform is seen. Tissue movement affects readings and this technique can only generate reproducible results in paralysed patients. In a previous study 1 which compared infants with aortic arch obstruction with a group with normal arch anatomy, we did not find the consistent correlations between base deficit and pH i that we found in this study. Perhaps this may be explained by the fact that patients in this study had relatively normal gut perfusion, and changes in regional perfusion reflected only changes in whole body perfusion. In our previous study, it could be assumed that the more abnormal gut perfusion seen in the study group did not reflect whole body perfusion in a consistent manner. Nevertheless, if this were the entire explanation, we should have seen similar correlations between L /P ratios and pH i , which did not occur.
There are good reasons to suppose that gut mucosal perfusion may be enhanced after administration of captopril, as ACE inhibition not only suppresses angiotensin production but endothelin and catecholamine production are also inhibited. 19 Furthermore, ACE is identical to kininase, an enzyme that cleaves bradykinin, and increased plasma concentrations of bradykinin, a potent vasodilator, result from ACE inhibition. ACE inhibitors also increase prostaglandin E 2 synthesis, 31 decrease noradrenaline release from adrenergic nerves and adrenal medulla, and decrease vascular responsiveness to noradrenaline. 32 Nevertheless, our study has been unable to demonstrate that captopril offers any benefit, in terms of gut perfusion, to infants requiring elective CPB. However, it is possible that ACE inhibition may improve gut mucosal perfusion only in those infants who have prolonged and severe gut mucosal hypoxia, such as those with coarctation or interrupted aortic arch.
